Background: Although the post-mortem increase of ammonium in biological fluids is well known, ammonium analysis in vitreous humour has never been used in recent times for the determination of the post-mortem interval. The present work represents a new application of capillary electrophoresis with indirect UV detection in the field of forensic analysis. Methods: The electrophoretic separation was carried out in a running buffer made of 5 mM imidazole, 5 mM 18-crown-6 ether and 6 mM d,l-α-hydroxybutyric acid (HIBA). To overcome the lack of optical absorption of ammonium, indirect UV detection was applied. The used wavelength was 214 nm.
Introduction
In modern forensic medicine and science, the estimation of time since death has been and still is one of the major open issues and consequently one of the most attractive research subjects. In the criminal investigation, the accurate estimation of the post-mortem interval (PMI), and consequently of the time of death, often close to the time of the murder, helps to reduce the number of suspects, to support (or deny) the witnesses' statements and to verify the reported actions of suspects of a crime. Because of the highest importance of an accurate estimation of the time of death by objective methods, a large body of literature has piled in the past decades, as it is witnessed by numerous scientific papers and reviews (see ref. [1] [2] [3] [4] [5] [6] ) and specific books (see ref. [2] ).
The determination of the PMI is traditionally based on the evaluation of the post-mortem body physical changes and more recently on the post-mortem chemistry. Postmortem changes, in the so-called early post-mortem period (usually defined as the time between death and the appearance of generalised putrefaction) comprise rigor mortis, lividities, body cooling and stomach emptying. This approach, however, has important flaws, including a high inter-individual variability and a time window of application limited to 24-48 h since death. In particular, lividities and rigor mortis suffer also from subjectivity of recording, which largely depends on the experience of the forensic pathologist. Concerning body cooling, the environmental temperature, clothing, posture, shielding against the supporting surface, body temperature before death, body dimensions etc. are all factors that influence the phenomenon. As a matter of fact, notwithstanding a plethora of papers on the optimization of this approach, the calculation of PMI based on the body temperature still shows important limits in terms of accuracy [1] . Moreover, the equilibration of the body temperature with the environment is almost completed within the first 20 h after death, which limits the time window of applicability of the method. In relation to the stomach emptying, the nature of the food, systemic or nervous shock or stress and the continuation of digestion after death are all factors that make it a weak indicator. Moreover, the chronology of stomach emptying can be used to determine the time of death only if the time of the last ingestion of food is precisely known [2] .
In contrast, the post-mortem chemistry, known as thanatochemistry, is based on the analysis of the modifications of the concentrations of endogenous compounds, which are released/produced/transformed in the body after death. Contrary to the approach based on body cooling, thanatochemistry allows for the estimation of the time of death up to 100 h and more [2] . Among the biological samples so far used, vitreous humour is, in principle, the most promising due to its isolation and protection from the environment and easy sampling when compared to blood or cerebrospinal fluid [3] . Further on, it was found that vitreous humour, in most instances, is barely contaminated by external agents even in the late PMIs. Numerous post-mortem chemical compounds such as, potassium, chloride, sodium, magnesium, calcium, phosphate, creatinine, lactate and urea were investigated in the vitreous humour [4] . Among these different parameters, by far, the most studied is the potassium. Its concentration in the ocular fluid increases after death due to the passive release of the intracellular potassium into the vitreous body (substantially an extracellular fluid), until the equilibrium between the extracellular and intracellular compartments is reached [2] . Since the early 1960s until present, many studies have identified this increase as one of the main parameters to infer the PMI [5] [6] [7] [8] [9] . However, discrepancies among researchers have been reported when examining the linear relationship potassium-PMI with regard to the intercept and the slope of the regression lines, which have severely limited the practical application of the method [8] . These discrepancies can be attributed to several factors, such as different causes of death, different storage conditions of the bodies, different modes of sample collection, but above all to the different analytical techniques used by the authors, most of which were validated for clinical chemistry, but not for post-mortem chemistry [10] .
The analytical techniques applied to vitreous humour can be divided into two categories: non-separation and separation methods. Non-separation methods include flame photometry and ion-selective electrodes, whereas separation methods include ion chromatography (IC) and capillary electrophoresis (CE) [2, 7, 8] . Non-separation analytical techniques are widely accepted in the clinical environment, but they are more susceptible to interferences, than the separation techniques [9] . This limitation applies particularly to the cadaveric fluids, the composition of which is typically non-standardised and affected by numerous variables, the major of which is putrefaction. Meanwhile, among the separation techniques, capillary electrophoresis (CE) is known for its selectivity, low sample consumption, high efficiency, resolution and speed. Furthermore, CE, lacking a packed column (as IC), which can easily be clogged or contaminated, can tolerate "dirty" samples, such as cadaveric fluids. In fact, CE was used for the analysis of potassium in the vitreous humour with very encouraging results, tolerating the direct injection of diluted vitreous humour micro samples [8, 9] . Meanwhile, Zhou et al. [7] , using low pressure IC fitted with a self-made conductivity detector, also reported promising results, but the application to real cases was limited to PMIs up to 27 h.
On the basis of the above considerations and on our personal experience with potassium analysis, CE was chosen in the attempt to study other ions in the vitreous humour, and specifically ammonium. This compound, a typical product of protein post-mortem deamination, has since long been almost neglected, probably because of well-known problems of its analysis in clinical chemistry [11] . To the best of our knowledge, only a single paper appeared in 1978 reporting ammonium determination in the vitreous humour. For this purpose, a colorimetric method was used based on the Nessler's reagent. Results, although obtained with an outdated non-separation method, look quite promising.
Taking into account the above-mentioned considerations, a CE method for the determination of ammonium in the vitreous humour has been developed and validated with the aim of providing a new and reliable tool for thanatochemistry studies. Additional aim of the present work was also to carry out a preliminary investigation on the behaviour of ammonium concentrations in the vitreous humour after death to verify in practice the feasibility of this new approach for the determination of the time since death.
Materials and methods

Standards and chemicals
All chemicals were analytical-reagent grade. Imidazole (99% pure) was obtained from Sigma (St. Louis, MO, USA), 18-crown-6 ether (99% pure) and α-hydroxybutyric acid (HIBA) (99% pure) from Aldrich (Milan, Italy). Standard solutions of ammonium (NH 4 + ) and barium (Ba 2+ ) were prepared from AnalaR salts (NH 4 Cl and BaCl 2 ) (Merck, Darmstadt, Germany). The electrophoretic buffer pH was adjusted to the desired pH with glacial acetic acid (Merck, Germany). The water used throughout all the experiments was milliQ water (18.2 MΩ).
Instrumentation
All experiments were performed using a P/ACE MDQ Capillary Electrophoresis System (Beckman, Fullerton, CA, USA) equipped with a UV filter detector. The capillary was thermostated with a perfluorinated coolant flowing in the capillary cartridge. During all the experiments, untreated fused-silica capillaries (75 μm I.D., 50 cm effective length; Beckman) were used with a detection window of 200 × 100 μm. Beckman P/ACE Station (version 8.0) was used for instrument control, data acquisition and processing.
Electrophoresis conditions
Electrophoresis separations were performed in a running buffer consisting of 6 mM HIBA, 5 mM 18-crown-6 ether and 5 mM imidazole adjusted to pH 4.5. Constant voltage runs were performed in all experiments by applying a voltage of 500 V/cm at 25 °C with a resulting current of about 18 μA. The separation took place at 25 kV for 6 min. To overcome the lack of optical absorbance of ammonium, indirect UV detection was applied, using a separation buffer absorbing in the UV region. The used wavelength was 214 nm, with automatic inversion of the signal to give rise to peaks mimicking ordinary UV detection. The analytes were injected at the anodic end of the capillary for 10 s at 0.5 psi. New untreated silica capillaries were washed with 1 M NaOH (30 min) and then with water (25 min). The capillary was conditioned every day with a solution containing 1 M NaOH (20 min) followed by water (15 min) and finally with the running buffer (10 min). Between consecutive runs the capillary was washed with water (3 min) and then with the running buffer (2 min). Water blanks were routinely checked for contamination by trace amounts of cations.
Standard and sample preparation
All solutions were prepared in polypropylene vials. A 100-mM stock solution of NH 4 + was prepared by dissolving an adequate amount in water. Ammonium working standard solution was prepared daily to the wanted concentration by the dilution with water. BaCl 2 internal standard (IS) solution was prepared by dissolving appropriately weighed amount to achieve a final concentration of 40 μg/mL.
Vitreous humour samples were collected from 14 medico-legal autopsies (age ranging from 19 to 95 years) or external examination of corpses of violent or sudden deaths, in which the time of death was exactly known. The causes of death included mostly road accidents and other traumas. The vitreous humour samples were prepared by diluting 1:20 with a 40 μg/mL aqueous solution of barium IS. Real samples were analysed in triplicate. Because of the lack of recent deaths at the time of the present work, and considering the only preliminary application of the this method to the study of real forensic cases, most of the samples analysed had been stored at −24 °C for several months (up to 5 months) before analysis.
Optimization and validation
The analytical method reported in the present work was developed based on a previous study on the determination of potassium in the vitreous humour [8] , where a peak attributed to ammonium could be identified, but never formally considered as a new analyte of interest [7] . Therefore, the present work was conducted for the optimization and validation of ammonium determination by considering the following parameters: precision, bias, linearity and sensitivity, including a preliminary application to real post-mortem cases.
Results
Precision: intra-and inter-day studies
The intra-day precision was verified at three concentration levels (low, middle, and high). The standards were diluted 1:20 with IS. Seven injections were made for each concentration level. To calculate the inter-day precision, determinations were performed on three different nonconsecutive days. In addition, the stability and reproducibility in a real vitreous humour matrix was studied. Three real samples were selected and analysed over a period of 5 days with five injections per sample. In all the studies, the concentration of the NH 4 + , as well as the migration time of this ion were recorded and statistically analysed in terms of relative standard deviation (%RSD). The results of the intra-and inter-day precision studies carried out on the ammonium standard solutions are summarised in Table 1 , and those from real samples are presented in Table 2 . From both the tables, the resulting analytical precision in all cases was fairly acceptable, with %RSDs well below 20% even in real biological samples.
Bias
The bias was calculated on the basis of the difference between expected and measured concentrations in standard solutions, at three different concentrations (0.312, 1.25 and 5.0 mM). However, to study the analytical bias also in real matrix, a standard addition experiment was performed, by spiking known amounts of NH 4 + standard (15 and 10 mM) into real vitreous humour samples. The bias was calculated according to the formulas reported by the Scientific Woking Group for Forensic Toxicology (SWGTOX) [12] and the final results are summarised in Table 3 . The bias results from the spiking test were −1.24% and 7.13% for 15 and 10 mM, respectively. Overall, the bias was fairly acceptable in all cases. 
Linearity, LOD and LOQ
Application to real cases
A preliminary study to investigate an expected correlation between the ammonium concentration in the vitreous humour and the PMI was conducted on 14 subjects whose time since death was well known on the basis of circumstantial information (see Table 4 ). The results are shown in Figure 2 . Figure 3 shows a typical electropherogram from a human vitreous humour sample.
Discussion and conclusions
Strangely enough, ammonium, a typical product of postmortem protein deamination, has rarely been considered as a potentially useful indicator of the time elapsed since death. This can probably be justified by the known variability of the putrefaction phenomena occurring in the corpses, which are responsible for most of the release of ammonium. Also, ammonium analysis in clinical chemistry is generally seen as a very problematic issue, with a large uncertainty caused by pre-analytical and analytical problems [11, 13] . These considerations are presumably at the basis of a general lack of interest for the determination of this analyte also in forensic pathology. In this field, however, vitreous humour, typically sterile and well protected from the environment by the sclera and the cornea, and therefore less susceptible to putrefaction, looks suitable for the evaluation of a time dependent post-mortem ammonium increase of concentration. For this purpose, to avoid possible interferences originated from a non-standardised matrix such as a forensic sample, a separation method was preferred. On the grounds of the authors' experience, CE was chosen as the most suitable analytical technique. Because of the lack of UV absorbance of the ammonium ion, to avoid the use of a conductivity detector, we adopted indirect detection using imidazole as the UV absorbing additive. Moreover, to improve the separation between ammonium and potassium peaks, 18-crown ether was added to the background electrolyte as a complexing agent, retarding selectively the mobility of the different cations. The validation parameters, according to the SWGTOX criteria, have been fully satisfied [12] even using a minimal sample pre-treatment (limited to dilution 1:20). Because of the selectivity of indirect detection, extremely clean electropherograms were obtained even with injection of biological samples without any pretreatment, but dilution with the I.S. solution (see Figure 3) .
A preliminary study of 14 real cases shows that ammonium concentrations are well correlated with the PMI (r 2 = 0.970). Furthermore, a linear increase of ammonium concentrations was observed up to 250 h after death, thus offering a new analytical tool for the PMI evaluation useful for a much wider time span than that offered by potassium analysis (limited to about 90-100 h).
Finally, as already reported by our research group [8] , under the reported analytical conditions also other ions are detectable, including sodium and potassium [14] . This opportunity may offer the possibility of grounding PMI evaluations onto two substantially independent parameters, such as ammonium and potassium, with an expected high increase in accuracy and reliability.
In conclusion, the present method represents a new, simple application of CE in the forensic environment, where separation methods are precious to deal with the complexity and variability of the post-mortem biological matrices. After proper validation in real cases, ammonium analysis can become, "per se" or in combination with potassium, a powerful tool to unravel one of the most challenging issues of forensic investigation, such as the accurate determination of the time of death.
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